ABSTRACT An experimental approach is described to quantitate inhomogeneity in extracellular K concentration ([Ks ]out) in the presence of ischemia and to relate this inhomogeneity to the electrophysiologic changes. Extracellular potassium concentration and local direct-current electrograms from the same sites were measured in isolated perfused pig hearts with the use of multiple electrodes.
arrhythmias by measuring the potassium concentration in blood samples drawn from the coronary veins draining the ischemic region. The [10] [11] [12] This study was undertaken to quantify the inhomogeneity of extracellular potassium accumulation during regional and global myocardial ischemia and to relate the differences in potassium concentration to differences in electrophysiologic variables in a preparation with poor collateral vessels. For this purpose we measured [K' ]out with multiple potassium-sensitive electrodes in the pig heart. 13 Additionally, the mechanism underlying the dispersion of extracellular potassium accumulation was investigated.
It appears that in regional ischemia a true borderzone for [K'+]out of about 1 cm width exists, with intermediate values and a large degree of dispersion. The reason for the existence of such a K' borderzone is that potassium diffuses toward the normal myocardium.
Methods
Sixteen pigs weighing 15 to 20 kg were anesthetized by intravenous injection of sodium barbital (20 mg/kg). After tracheal intubation, respiration was artificially maintained and a midsternal thoracotomy was performed. Heparin (1000 U) was administered intravenously and while 1 liter of modified Tyrode's solution (containing 156 mM Na +, 4.7 mM K', 1.5 mM Ca2+, 0.7 mM Mg2+, 0.5 mM P043, 137 mM Cl, 28 mM HCO3, and 20 mM glucose) was infused through a superficial femoral vein, blood was collected from the anterior caval vein. This procedure yielded approximately 2 liters of a blood-Tyrode's mixture to be used as perfusion fluid. The heart was made to fibrillate by application of a direct current, it was dissected free, and as quickly as possible, submerged in a Tyrode solution at 40 C. The aorta was cannulated above the aortic valves and the preparation was mounted on a Langendorif perfusion setup and defibrillated by a direct-current countershock. The left anterior descending (LAD) artery was cannulated and connected to the perfusion system separately. A ligature was passed under the circumflex (CX) artery.
Perfusion system. Perfusion was carried out with two recirculatory systems, either of which could be directed to the heart by a three-way stopcock placed immediately above the aortic cannula. In one of the recirculatory systems a normal potassium concentration was maintained (4.8 + 0.5 mM, mean + SD), while in the other [K'] was raised by addition of KCl to reach values of 15 to 20 mM, which would allow defibrillation of the heart when necessary (this was preferred to defibrillation by countershock, which could damage the buffer amplifiers once the electrodes were inserted). The blood-Tyrode's mixture flowing out of the coronary sinus was collected in a funnel placed underneath the heart. From the funnel the blood flowed back to the recirculating system. Switching between the systems resulted in minor changes in the potassium concentrations of the two types of perfusion fluid caused by some mixing between the two circulations. The LAD artery alone could be selectively perfused by either circulatory system. Switching between the systems took less than a second. Both systems could be regulated to maintain constant flow (ranging between 80 and 120 ml/min under control conditions) or constant pressure (ranging between 40 and 50 mm Hg). Perfusion solutions were gassed with a mixture of room air and C02, adjusted to a pH of 7.35 to 7.45 in the perfusion fluid, and subsequently passed through a heat exchanger. The temperature of the heart was 370 C; during regional ischemia it fell at most by 20 C in the ischemic area. No provisions were present for keeping myocardial temperature constant during global ischemia: in the midmyocardium temperature fell at most by 50 C over 10 min of global ischemia.
Stimulation. The heart was paced through a stimulating electrode pair placed on the right ventricular outflow tract with the use of rectangular current pulses of 2 msec duration.
The basic cycle length was between 350 and 450 msec in the various experiments and was kept constant throughout an experiment.
Measurement of extracellular potassium activity. Extracellular potassium activity was measured with flexible potassium-sensitive electrodes with valinomycin, embedded in a polyvinyl chloride (PVC) matrix, as the ion-selective ligand. Each electrode consisted of a potassium-sensitive terminal and a reference (Ag-AgCl) terminal. The electrodes were constructed as follows: Two 40 cm long, electrically insulated silver wires (diameter 0.2 mm) were glued together at one end, in a parallel side-to-side fashion, with a drop of cyanoacrylate glue (Loctite), in such a way that there was no electrical contact between the two cores. At a distance of 10 cm from the common end the insulation of both wires was locally removed over a length of 0.5 mm. At this point the bare silver was bleached by sodium hypochlorite, resulting in an AgCl deposit. A small droplet of a solution of titaniumdioxide in trichloroethane was deposited on the AgCl layer both for mechanical protection and to serve as an internal reservoir of potassium for the potassiumsensitive terminals. The latter was obtained by soaking the electrodes for 10 min in an isotonic, 10 mM KCl solution. Subsequently, the electrode terminals were immersed in a solution of the potassium-sensitive membrane in tetrahydrofuran. The composition of the membrane was: 2 wt% valinomycin, 29 wt% PVC, and 69 wt% dioctyl sebacic acid. The membrane of the reference electrode terminal was punctured with a fine needle. Finally, a 3-0 suture with an atraumatic straight needle (Ethicon) was glued to the common proximal end of the electrode pair, and a mark was painted on the wires 5 mm distal to the electrode terminals.
Response time of the electrodes was well under 1 sec for a tenfold change in potassium concentration. The electrodes were insensitive to changes in protein content and osmolality.
Up to 64 electrode pairs were positioned in the left ventricular wall by inserting the needles perpendicularly into the epicardial surface. When the needle emerged from the cavity or the posterior wall gentle traction was applied to align the painted depth mark on the wires with the epicardial surface. The total number of electrode pairs inserted in 16 hearts was 639. The distance between the electrodes was 4 to 10 mm. The majority of the electrodes was positioned in the part of the ventricle supplied by the LAD artery, the remainder in that supplied by the CX artery.
LABORATORY INVESTIGATION-MYOCARDIAL ISCHEMIA
The electrodes were connected to high-input impedance (> 1013 £) low-bias current (< 1 pA) preamplifiers (Burr Brown, OPA111). Differential signals from one electrode pair were direct-current amplified, fed to an analog-to-digital converter (1 sample/4 msec), and written into a circular memory buffer in a PDP 11/34 computer. This buffer contained the most recent 2 sec of data from all signals. At any desired moment the content of the buffer could be stored on disk for later analysis. In the same manner electrograms from the reference electrodes were directcurrent amplified against a common nonpolarizable reference electrode attached to the aortic root and processed identically. Selected electrograms and K signals were monitored on line on an Elema 16-channel inkwriter and on a low-speed chart recorder, respectively.
Before and after each experiment K electrodes were calibrated at room temperature in two isotonic solutions with a [K'] of 1 and 10 mM, respectively. In addition, the heart was perfused with a high-K+ solution for several minutes as an in situ test of the electrodes. Data obtained from the electrodes were accepted only when all of the following requirements were met: (1) both calibrations produced a 52 to 58 mV change per tenfold change in potassium concentration, (2) the electrogram recorded from the reference electrode showed less than 2 mV ST elevation under control conditions, (3) the potassium trace showed less than 15 mV/hr baseline drift, (4) the electrode response to perfusion with a high [K' ]-containing solution (test perfusion) was complete within 2 min and agreed with the calibration in vitro within experimental error, and (5) the reference electrode gave a stable recording. By strict application of these criteria the data from only 317 electrodes (49%) were accepted: 171 electrodes were rejected because of ST elevation, 114 for a bad response to test perfusion, 33 had an unstable reference electrode, and four displayed too much baseline drift. The electrodes that were accepted had a mean Nernst-constant at room temperature of 56.0 + 1.6 mV per decade (n = 317). Recordings from the potassium electrodes were corrected for baseline drift by fitting a straight line between two readings with identical potassium concentrations. For this purpose and to determine the starting level of [K'] before each intervention, samples from the perfusion fluid were drawn at regularly spaced intervals and [K'] was determined by flame photometry.
Baseline drift was maximal and in positive direction after insertion of the electrodes; it decreased progressively in time until after 1 to 2 hr it measured approximately 1 mV/hr. Experimental protocol. After the electrodes had been inserted the heart was allowed to recover for 1 hr. Recovery time between subsequent interventions was at least 20 min.
In seven hearts 7 to 10 min periods of regional ischemia were performed, followed by global ischemia (five hearts) and test perfusion (six hearts). Sixty-seven electrode pairs were involved in the periods of global ischemia; 114 electrode pairs were situated in the ischemic zones during regional ischemia.
In five hearts short periods of regional ischemia were combined with high-K' perfusion of the remainder of the heart.
In four hearts long (15 to 20 min) periods of regional ischemia were induced. In these experiments 61 electrode pairs were situated in the ischemic LAD zones.
Definitions. In this study the following definitions were used: The ischemic zone is the area in which potassium accumulates extracellularly after clamping a coronary artery.
The normal zone is the area in which the extracellular potassium concentration remains unchanged during regional ischemia.
The border is the line separating the normal zone from the ischemic zone.
The borderzone is an area extending 10 mm from the border into the ischemic zone. (17.0 mM) . Panel c demonstrates the differences in electrode response that may occur during regional ischemia. One of the electrodes was located in the central zone, another in the normal region, and a third was located in the borderzone. At time zero flow through the LAD cannula was completely stopped and after 3 min 50 sec ventricular fibrillation started. The occlusion had to be discontinued and the heart was defibrillated by a high- mM) containing solution (a), during a 10 min period of global ischemia followed by reperfusion resulting in ventricular fibrillation (bold arrow) and subsequent defibrillation by high-K+ perfusion with 17 mM K+ (thin arrow) (b), and during a short period of regional ischemia that after 3 min 50 sec ended in ventricular fibrillation, followed by reperfusion with high-K' (thin arrow) (c). During regional ischemia one electrode (a) was situated in the normal zone, one (e) in the borderzone, and one (A) in the central zone.
shown. The mean starting value of [K ]out was 4.7 ± 0.5 mM. The time course of IEK during regional ischemia is shown in figure 2 , b. It incorporates data from 11 interventions (both LAD and CX occlusions) in seven hearts. The mean starting concentration was 4.8 + 0.5 mM. The electrodes were classified in three groups: (1) [ Figure 4 shows data from one of three similar experiments. Panel b shows a potassium distribution map of ischemia in the LAD area after occlusion combined with high-K perfusion of the remainder of the heart. Inhomogeneity was less than after the control occlusion ( figure 4, a) . AEK in the borderzone was even higher than that in the central zone. This was completely opposite to what was seen with the control occlusion ( figure 4, a) . Moreover, some electrodes in the central zone measured larger AEK than those after the control occlusions. A second control occlusion after that in figure 4 , b, was identical to that in figure 4 , a (not shown).
These observations indicate that movement of extracellular K+ contributes significantly to the regional differences in potassium concentration. We tested whether collateral flow contributed to washout in two ways.
First, in eight experiments with subsequent occlusions of the LAD and the CX artery the borders coincided (not shown).
Second, in two experiments we occluded the LAD and the CX arteries simultaneously. Before the occlusions, the CX area was selectively perfused with a high [K' ]-containing solution for 3 min. In this manner a K' gradient was created, as illustrated in figure 4 , b, but no pressure gradient existed as soon as both arteries were occluded. Figure 5 shows typical responses from an electrode situated in the borderzone of the LAD area (measured after a control LAD artery occlusion) and one located in the CX area. In the presence of a K gradient the electrode situated in the LAD borderzone showed a rapid increase in AEK after occlusion, as in the experiment in figure 4, b, The time course of local potassium accumulation and TQ depression of individual electrodes, however, showed a close association between the two variables over the entire period of ischemia (figure 6). Based on data from the electrode in figure 6 the correlation coefficient for AEK and AETQ was .93.
The median correlation coefficient for data from every electrode in all 10 min periods of regional ischemia (both of the LAD and the CX area) was .95 (n = 114); the tenth percentile was .75. This signifies a linear relationship between the two variables. This is illustrated in figure 9 , b, for three different electrodes during the same period of regional ischemia. The trajectories were indeed straight lines, identical in upward and downward direction. However, the slope of the AEK-AETQ lines was different for different electrodes. The slope appeared to be dependent on the position of the electrodes: for electrodes situated in the borderzone it was 0.54 ± 0.40 (n = 62) and for electrodes situated in the central zone it was 0.30 ± 0.11 (n = 52). The difference between these two values is statistically significant.
Therefore, although there was a close correlation between AEK and TQ depression for every single electrode position, no overall correlation was found. be fully equilibrated with the surrounding interstitium. For these reasons we used thin electrodes,4 inserted them with atraumatic needles, and applied strict selection criteria to exclude those electrodes that had produced lesion (see Methods section). The response to a perfusion with a high-K solution shows that the electrode space equilibrates with the intravascular space in a relatively short time (figure 1). Other sources of error include the interference of ions other than K' ions, the calibration factor of the electrodes, and the correction of the K curves for baseline drift. Selectivity coefficients of the sensitive membrane has been reported to be 4000:1 for potassium over sodium ions, 18,000:1 over protons, 5000:1 over calcium ions, and 5000:1 over magnesium ions. The occurrence of monophasic electrograms. The occurrence of monophasic electrograms during regional ischemia could only be accounted for in part by the local AEK, which is a measure of the change in the local resting membrane potential. Obviously other factors must play a role.5 39 These factors include acidosis, hypoxia, the lack of glucose, altered lipid metabolism,40 and free radicals.41 Our results show that areas that are only slightly depolarized still exhibit monophasic electrograms; these areas are intrinsically excitable but lack an adequate stimulus. A similar mechanism was demonstrated by Antzelevitch and Moe30 in superfused papillary muscle and by Janse and van Capelle42 in a computer model. 42 The direction from which the ischemic area is invaded by the activation front possibly plays a role in the occurrence of monophasic electrograms (figure 7). It could mean that intrinsically excitable tissue is "shielded" from being activated by surrounding inexcitable tissue. This mechanism is not likely to play a major role in ischemic tissue in close proximity to normal tissue.
The possibility exists that ischemic cells become less excitable for a given level of membrane potential when K' conductance increases, for example by activation of ATP-sensitive K' channels.43 However, the ATPsensitive channels only become activated at ATP levels of 0.2 mM or less. In early ischemia ATP levels are considerably larger,22 and thus the mechanism mentioned above is likely to play a role only in later stages of ischemia, when cells are irreversibly injured.
[K+1.,t and TQ depression Severity of ischemia. In the pig heart collateral flow is known to be little or figure 9 ). However, when single electrode positions were considered we found a linear relationship between local AEK and local AETQ; this relationship varied with the relative position of the recording electrode to the border. These findings corroborate the work of Holland and Brooks. 17' 46 Intheir work, the distance between the recording electrode and the border and the size and the configuration of the ischemic area appeared to influence the amount of TQ depression. Additionally, tissue anisotropy47 or local differences in the changes in intracellular and extracellular resistances during regional ischemia could modulate the relationship between extracellular potassium concentration and TQ segment changes in regional ischemia.
